A three-dimensional coherent Doppler lidar (3D-CDL) and an interval camera were used to detect a cyclonic "invisible waterspout" very close to the sea surface near Ikeshima island, Nagasaki Prefecture, on 21 December 2010. High-resolution 3D-CDL images revealed that the waterspout had a subscale vortex. The deduced core diameter of the waterspout (subscale vortex) was 234 m (105 m), and the vorticity was 0.17 s −1 (0.32 s
Introduction
To understand the formation and development mechanisms of tornadoes, it is necessary to observe clear-air motion near the ground around a parent storm. Many observations of tornadoes over the land have been made with ground based radars and weather stations (e.g, Wakimoto and Wilson 1989) . Although Doppler radars can be used to detect dust particles, dirt particles, and insects in the air (e.g., Marquis et al. 2007 ), it is not always possible to measure winds in clear air. In contrast, Doppler lidar can potentially be used for studying winds in clear air around tornadoes (e.g., Schwiesow et al. 1981 ), but there have been few Doppler lidar observations of tornadoes mainly because of limited device mobility and the short detection range.
Although waterspouts developed over the wind shear zone formed near the sea coasts were reported by many authors (e.g, Golden 1974; Schwiesow et al. 1981; Kobayashi et al. 1997; Collins et al. 2000; Sugawara and Kobayashi 2009) , no direct measurement of mesoscale wind fields around waterspouts has been reported. We succeeded in detecting a strong cyclonic vortex and airflow structure around the vortex over the sea near Ikeshima Island, Nagasaki Prefecture, Japan, on 21 December 2010 using three-dimensional coherent Doppler lidar (3D-CDL). The parent storm was also observed using the C-band Doppler radar (CDR) of the Japan Meteorological Agency (JMA). In Section 2, a brief description of the observational setting of the 3D-CDL and CDR dataset are given. Section 3 summarizes the characteristics of the vortices detected by the 3D-CDL and the Doppler radar observation of the parent storm, and a discussion of this study and the conclusions are presented in Section 4.
Observational setting of the 3D-CDL and CDR dataset
From August 2009 to March 2011, we conducted WINPOD-L (WINd Power Observation by Doppler-Lidar) field project ) to measure the offshore wind power at Ikeshima island, Nagasaki Prefecture (32.8825°N, 129.5910°E) using our 3D-CDL instrument (Fujiyoshi et al. 2006; Fujiwara et al. 2011) . Figure 1 shows a topographic map of the observation area and the detection range of the 3D-CDL installed on the roof of an incinerator (75 m above sea level (ASL)).
The 3D-CDL observations were performed using a wavelength of 1.54 μm, beam width of ~0.1 m, and detection range of 0.35−4.35 km with a 50-m resolution. The azimuthal resolution was 0.8°, which gives a spatial resolution of about 60 m at the maximum detection range (4.35 km). The 3D-CDL measurements were mainly performed using the plane position indicator (PPI) scan at an elevation angle of −1.0°. Complete PPI scan required 120 s. The observation area was limited as shown in Fig. 1c because of obstacles blocking the laser beam. The CDR, whose location is shown in Fig. 1b , had a maximum detection range of 250 km and azimuthal and radial resolutions of 0.7° and 0.5 km, respectively. Doppler velocity and reflectivity data from PPI scans at an elevation of −0.3° were used for the analysis.
Using the method presented by Suzuki et al. (2008) , we attempted to detect vortices in a PPI scan of the 3D-CDL (see Fujiwara et al. (2011) for details). The distance between the maximum and minimum Doppler velocities (D) was defined as the "deduced core diameter" of each vortex, and the deduced vertical vorticity (ζ ) and peak tangential velocity were estimated as 2ΔV/D and ΔV/2, respectively, where ΔV is the difference in the Doppler velocities of the receding and approaching extrema in the vortex signature. with contoured radar reflectivity of the parent storm. The visible image and radar reflectivity indicate that a developed cumulonimbus cloud was located near the 3D-CDL (boxed regions in Figs. 2a, b) . The maximum echo top of the parent storm was approximately 4.5 km ASL, and the lifetime of the parent storm was approximately 1 h. The pressure pattern and visible image indicate that the parent storm was part of a comma-shaped meso-β-scale cloud system. The southern extent of the parent storm displayed a hook-like echo pattern, with maximum and minimum Doppler velocities of 1.0 and −14 m s −1 , respectively (Fig. 2c) . The diameter of this vortex was 1.1 km and on a misocyclone scale (Fujita 1981) . The estimated vorticity of the vortex was 2.9 × 10 −2 s −1
Characteristics of the vortices observed by the 3D-CDL and Doppler radar observation of the parent storm
. Figure 3 shows time series of the Doppler velocity field of the 3D-CDL at an elevation angle of −1.0° (close to the sea surface) and the radar reflectivity field of the CDR at an elevation angle of −0.3° (about 1 km ASL). The radar echo of the parent storm was first detected at 1301 JST 21 December 2010 (Fig. 3a) , and the storm developed rapidly within the 10 min from 1316 JST to 1326 JST (Figs. 3b, c, d ). As shown in Fig. 3d , several vortices developed in the southern part and outside the precipitation area of the parent storm. In conjunction with the passage of the meso-γ-scale (approximately 5 km E−W and 15 km N−S) parent storm (Figs. 3e, f), both the air temperature and relative humidity dropped suddenly at the 3D-CDL site (Fig. 3g) .
Figures 4a, b, c, d, e show time series of the Doppler velocity fields of the 3D-CDL with a convergence line, which was estimated from radial convergence of Doppler velocity fields ) and detected vortices. At least three vortices (labeled A to C in Fig. 4) were detected in the PPI scans of the 3D-CDL. The distance from the observation site to the vortices was only 3 km, and the vortices aligned at intervals of ~1 km and moved east-southeastward. The vortex lifetimes were between 2 and 8 min. The deduced core diameter ranged from 100 to 520 m, the maximum vorticity ranged from 0.06 to 0.32 s . The rotation sense of all three vortices was cyclonic. Horizontal distributions of the Doppler velocity field of the 3D-CDL indicated that there was a westerly wind (Figs. 4a, b, c, d, e) . Figure 4f shows a detailed view of time series of Doppler velocity fields from 1323 to 1327 JST (dashed closed boxes in Figs. 4b, c, d) . A northerly wind was detected only in the northern part of the PPI images when the parent storm approached the 3D-CDL observation area. This result suggests that a gust front existed at the southern extent of the parent storm. As shown in Fig. 4f , the vortices were detected along the shear and convergence line between the northerly and westerly winds. This cyclonic shear pattern across the gust front was consistent with the rotation sense of the detected vortices. Figure 5a shows details of the strongest vortex C, which was located in the southernmost part and very close to the precipitation area of the parent storm. Vortex C had a subscale vortex (smallerscale vortex within the vortex) similar to those observed in mobile Doppler radar measurements of tornadoes (Wurman 2002) . The minimum and maximum tangential wind components of vortex C (and its subscale vortex) close to the sea surface were −10. ). These characteristics of the vortex are somewhat weak compared with that of recent waterspout observation in Japan (Sugawara and Kobayashi 2008 ).
The maximum wind velocity of vortex C, estimated from both the peak tangential velocity and translational speed, was about 17 m s
, which falls into the category of an F0-scale tornado. Although we conducted remotely controlled and unmanned observation, a series of photographs was automatically taken every one minute at the 3D-CDL site. The parent cloud developed rapidly within a few minutes. A contorted short funnel or rotor cloud was also observed (Fig. 5b ). Quantitative photogrammetric analysis shows that the diameter of the short funnel and the height of the cloud base were about 70 m and 300 m, respectively. The horizontal scale of short funnel corresponds to that of the subscale vortex detected by the 3D-CDL. There was no visible water spray very close to the sea surface (Fig. 5b) . Therefore, vortex C was "invisible waterspout" detected only by the 3D-CDL that makes use of aerosols as light-scattering materials.
Conclusions and discussions
Using the 3D-CDL, we were able to observe "invisible waterspout" developed along the convergence/shear line between outflow from the parent storm and environmental wind over the ocean. The observational results can be summarized as follows:
(1) The meso-γ-scale parent storm was observed within a meso-β-scale low. (2) The misocyclone and hook-like echo were detected in the southern part of the parent storm. (3) Northerly outflow from the parent storm was observed. (4) At least three small-scale vortices along the convergence line between the northerly outflow and westerly environmental winds were detected by the 3D-CDL, and one vortex developed into an F0-scale invisible waterspout. Several previous studies have argued genesis and development of waterspouts. Golden (1974) discussed that the shear across gust front may be the vorticity source for waterspouts. Collins et al. (2000) suggested that pre-exiting mesoscale convergence/ shear boundary provide the vorticity of initial vortex and updraft of cloud allows the circulation to be intensified by strong vertical stretching, as non-supercell tornado over the land (Wakimoto and Wison 1989) . In this study, possible mechanisms for the genesis of the waterspout and other vortices are considered: initial vortices generated along the shear line of gust front, presumably because of shear instability. The cold outflow from the parent storm would increase vertical velocity at the gust front, which presumably enhance strength of the waterspout by increasing the stretching production of vertical vorticity. These results are consistent with those of numerical simulations (e.g., Lee and Wilhelmson 1997; Noda and Niino 2005) .
Although the morphology of the observed parent storm was similar to typical supercell storms over the Great Plains of the United States (e.g., Lemon and Doswell 1979 ) and mini-supercells (e.g., Suzuki et al. 2000) , the lifetime of the parent storm (1 h) , which is much smaller than that of typical super cells (e.g., 2542 J kg −1 for Oklahoma supercells; Bulestein and Jain (1985)) and mini-supercells (e.g., 1600 J kg −1
; Suzuki et al. (2000) ). Figure 6 shows a relationship between the misocyclone of the parent storm and the detected vortices very close to the sea surface. In this case, the timing and location of vortices do not match of the developing mesocyclone of the parent storm. Therefore, the observed vortices along the gust front may fail to develop into visible waterspouts because of the parent storm lacks a strong updraft, which is consisted with numerical simulation (Noda and Niino 2005) . Fig. 6b ).
